Introduction
LHCb is a dedicated b and c-physics precision experiment at the LHC searching for New Physics (NP) beyond the Standard Model (SM) through the study of very rare decays of beauty and charm-flavoured hadrons and precision measurements of CP-violating observables. In the last decade, experiments at B factories have confirmed that the mechanism proposed by Kobayashi and Maskawa is the major source of CP violation observed so far. The SM description of flavour-changing processes has been confirmed in the b → d transition at the level of 10-20% accuracy. However, NP effects can still be large in b → s transitions, modifying the B s mixing phase φ s , measured from B 0 s → J/ψφ decays, or in channels dominated by other loop diagrams, such as the very rare decay B 0 s → µ + µ − . Therefore, the challenge of current and future b-physics experiments is to widen the range of measured decays, reaching channels that are strongly suppressed in the SM and, more generally, to improve the precision of the measurements to achieve the necessary sensitivity to NP effects in loops. LHCb will extend the b-physics results from the B factories by studying decays of heavier b hadrons, such as B s or B c , which are copiously produced at the LHC. It will complement the direct search of NP at the LHC by providing important information on the NP flavour structure through a dedicated detector, optimized for this kind of physics.
b physics at the LHC: environment, background, general trigger issues
The LHC is the world's most intense source of b hadrons. The bb cross section in proton-proton collisions at √ s = 7 TeV is measured to be ∼ 300 µb, implying that more than 10 11 bb pairs are produced in a standard (10 7 s) year of running at the LHCb operational luminosity of 2 × 10 32 cm −2 s −1 . As in the case of the Tevatron, a complete spectrum of b hadrons is available, including B s , B c mesons and b baryons, such as Λ b . However, less than 1% of all inelastic events contain b quarks, hence triggering is a critical issue.
At the nominal LHC design luminosity of 10 34 cm −2 s −1 , multiple pp collisions within the same bunch crossing (so-called pile-up) would significantly complicate the b decay-vertex reconstruction and flavour tagging. For this reason the luminosity at LHCb is locally controlled by displacing the beams in the vertical direction to yield L = 2 − 5 × 10 32 cm −2 s −1 , at which, for the 1296 colliding bunches expected in 2011, the pile-up will be between 1 and 2. Furthermore, running at relatively low luminosity reduces the detector occupancy of the tracking systems and limits radiation damage effects.
The dominant production mechanism at the LHC is through gluon-gluon fusion in which the momenta of the incoming partons are strongly asymmetric in the pp centre-of-mass frame. As a consequence, the bb pair is boosted along the direction of the higher momentum gluon, and both b hadrons are produced in the same forward (or backward) direction in the pp centre-of-mass frame. The detector is therefore designed as a single-arm forward spectrometer covering the pseudorapidity range 1.9 < η < 4.9 , which ensures a high geometric efficiency for detecting all the decay particles from one b hadron together with the decay particles from the accompanying bb hadron to be used as a flavour tag. A modification to the LHC optics, displacing the interaction point by 11.25 m from the centre, has permitted maximum use to be made of the existing cavern by freeing 19.7 m for the LHCb detector components.
A detector design based on a forward spectrometer offers further advantages: b hadrons are expected to have a hard momentum spectrum in the forward region; their average momentum is ∼ 80 GeV/c, corresponding to approximately 7 mm mean decay distance, which facilitates the separation between primary and decay vertices. This property, coupled to the excellent vertex resolution capabilities, allows proper time to be measured with a resolution of ∼50 fs, which is crucial for studying CP violation and oscillations with B s mesons, because of their high oscillation frequency. Furthermore, the forward, open geometry allows the vertex detector to be positioned very close to the beams and facilitates detector installation and maintenance. In particular, the silicon detector sensors, housed, like Roman pots, in a secondary vacuum, are split in two halves that are retracted by ∼30 mm from the interaction region before the LHC ring is filled, in order to allow for beam excursions during injection and ramping. They are then positioned with their sensitive area ∼8 mm from the beam during collisions.
The LHCb acceptance in the plane (η, p T ) of the b hadrons nicely complements that of ATLAS and CMS: ATLAS and CMS cover a pseudorapidity range of |η| < 2.5 and rely on high-p T lepton triggers. LHCb relies on much lower p T triggers, which are efficient also for purely hadronic decays. Most of the ATLAS and CMS b-physics programme will be pursued during the first few years of operation, for luminosities of order 10 33 cm −2 s −1 . Once LHC reaches its design luminosity, b physics will become exceedingly difficult for ATLAS and CMS due to the large pile-up (20 interactions per bunch crossing, on average), except for very few specific channels characterized by a simple signature, like B 0
3 Detector description and performance charm The key features of the LHCb detector are:
• A versatile trigger scheme efficient for both leptonic and hadronic final states, which is able to cope with a variety of modes with small branching fractions;
• Excellent vertex and proper time resolution;
• Precise particle identification, specifically for hadron (π/K) separation;
• Precise invariant mass reconstruction to efficiently reject background due to random combinations of tracks. This implies a good momentum resolution.
A schematic layout is shown in Fig. 1 . It consists of a vertex locator (VELO), a charged-particle tracking system with a large aperture dipole magnet, aerogel and gas Ring Imaging Cherenkov counters (RICH), electromagnetic (ECAL) and hadronic (HCAL) calorimeters and a muon system. In the following, the most salient features of the LHCb detector are described in more detail. A much more complete description of the detector characteristics can be found in [1, 2] . 
Trigger
One of the most critical elements of LHCb is the trigger system. At the chosen LHCb nominal luminosity, taking into account the LHC bunch crossing structure, the rate of events with at least two particles in the LHCb acceptance is ∼10 MHz (instead of the nominal 40 MHz LHC crossing rate). The rate of events containing b quarks is ∼100 kHz, while the rate of events containing c quarks is much larger. However, the rate of interesting events is just a very small fraction of the total rate (∼Hz), due to the combined effect of branching fractions and detector acceptance, hence the need for a highly selective and efficient trigger.
The LHCb trigger exploits the fact that b hadrons are long-lived, resulting in well separated primary and secondary vertices, and have a relatively large mass, resulting in decay products with large p T . It consists of two levels: Level0 (L0) and High Level Trigger (HLT). L0, implemented on custom electronics boards, is designed to reduce the input rate to 1 MHz, the rate at which all of the LHCb's subdetectors can be read out, at a fixed latency of 4 µs. Events are then sent to a computer farm with up to ∼1350 multi-processor boxes where ∼20,000 copies of the HLT software algorithm are executed in parallel. The HLT reduces the rate from 1 MHz to 2-3 kHz.
L0, based on calorimeter and muon chamber information, selects muons, electrons, photons or hadrons above a given p T or E T threshold, typically in the range 1 to 4 GeV. The plan for the 2011 run, with full luminosity, is to select 400 kHz of the bandwidth with the L0 hadron trigger, which is unique within the LHC experiments, and ∼400 kHz for the muon triggers (single and double), while the rest of the bandwidth will be occupied by the electromagnetic calorimeter triggers.
The HLT algorithms are designed to be simple, to minimize systematic uncertainties, inclusive and fast. This is realized by performing at the first stage of the HLT, called HLT1, a partial reconstruction to select a single, good-quality track with high momentum and large impact parameter, as well as lifetime-unbiased muons and electrons. The second stage of the HLT, called HLT2, processes few enough events so that it is possible to perform a reconstruction very similar to the offline one. The average HLT execution time is O(20 ms) per event. In the 2011 run, the total trigger rate after the HLT is ∼3 kHz, a relatively high rate exceeding the design value of 2 kHz. The reason for this increase is the broader physics programme that the experiment is now pursuing, in particular in the area of charm decays. The experiment will collect clean samples of approximately 1 kHz each of b decays to leptons, b decays to hadrons and charm.
VELO and Tracking System
The LHCb tracking system consists of a warm dipole magnet, which generates a magnetic field integral of ∼4 Tm, four tracking stations and the VELO. The first tracking station located upstream of the magnet consists of four layers of silicon strip detectors. The remaining three stations downstream of the magnet are each constructed from four double-layers of straw tubes in the outer region, covering most (∼98%) of the tracker area, and silicon strips in the area closer to the beam pipe (∼2%). However, ∼20% of the charged particles traversing the detector go through the silicon inner tracker, due to the forward-peaked multiplicity distribution. The measured impact-parameter resolution is 14 µm in the highest p T bin, in good agreement with Monte-Carlo expectations.
The VELO consists of 21 stations, each made of two silicon half disks and variable pitch size, which measure the radial and azimuthal coordinates. A single hit resolution of 4 µm has been achieved at optimal projected track angle for the smallest pitch size. The VELO has the unique feature of being located at a very close distance from the beam line (0.8 cm), inside a vacuum vessel, separated from the beam vacuum by a thin aluminum foil. This allows an impressive vertex resolution to be achieved, translating, for instance, in a proper time resolution of ∼50 fs for the decay B 0 s → J/ψφ, i .e., a factor of seven smaller than the B s oscillation period. Primary vertex resolutions have been measured by randomly splitting the reconstructed tracks into two subsets and by reconstructing vertices from each of the subsets. For a typical primary vertex producing 25 tracks, the resolution is 15 µm in X and Y, and 75 µm in Z .
Particle Identification
Particle identification is provided by the two RICH detectors and the Calorimeter and Muon systems. The RICH system is one of the crucial components of the LHCb detector. The first RICH, located upstream of the magnet, employs two radiators, C 4 F 10 gas and aerogel, ensuring a good separation between kaons and pions in the momentum range from 2 to 60 GeV/c. A second RICH in front of the calorimeters, uses a gas radiator, CF 4 , and extends the momentum coverage up to ∼ 100 GeV/c. The calorimeter system comprises a pre-shower detector consisting of 2.5 radiation length lead sheet sandwiched between two scintillator plates, a 25 radiation length lead-scintillator electromagnetic calorimeter of the shashlik type and a 5.6 interaction length iron-scintillator hadron calorimeter. The muon detector consists of five muon stations equipped with multiwire proportional chambers, with the exception of the centre of the first station, which uses triple-GEM detectors.
The identification of electrons, photons and π 0 s is based on the balance of the energy deposited in the calorimeter system and the track momentum, and the matching between the barycenter position of the calorimeter cluster and the extrapolated track impact point. The average electron identification efficiency extracted from electrons produced in photon conversions is 90% with a misidentification rate of ∼3-5% for electrons with momentum above 10 GeV/c. Muons are identified by extrapolating well reconstructed tracks with p≥ 3 GeV/c into the muon stations and matching the tracks with the hits within the corresponding fields of interest. The efficiency in the acceptance extracted from J/ψ → µµ decays is ∼ 97%. The µ-π and µ-K misidentification rates are dominated by π and K decays in flight and are found to be below 1% for momenta above 20 GeV/c.
The RICH system provides good particle identification over the entire momentum range. The efficiency for kaon identification is measured to be larger than 90%, with a corresponding pion misidentification rate 10% for momenta below 70 GeV/c, which is the relevant range for most hadrons from b decays. As an illustration of the RICH capabilities to disentangle the various B decay modes, Fig. 2 shows the mass distributions obtained for a set of charmless charged two-body B hadron decay modes, namely
Running experience
During the 2010 run, LHCb collected an integrated luminosity of ∼ 37 pb −1 at √ s = 7 TeV with an overall efficiency of ∼90%. The performance of the LHC improved progressively during the course of the year and most of the integrated luminosity was collected with the last few fills. Initially, the LHC operated with a reduced number of colliding bunches (< 50), which allowed LHCb to run with a very loose trigger. However, towards the end of the run, the LHC reached an impressive peak luminosity of 1.6 × 10 32 cm −2 s −1 by colliding a number of bunches eight times smaller than nominal (344 instead of 2622) but achieving outstanding beam characteristics, i .e., ∼ 1.1 · 10 11 protons-per-bunch, a squeezing function β* = 3.5 m and a normalized emittance N = 2.4 µm. This, however, implied an average number of visible proton-proton interactions per bunch crossing µ 2.5, a factor of six above the LHCb design value, and running conditions extremely challenging for the trigger, the offline reconstruction and the data processing. LHCb was able to cope with these conditions and data were taken at the highest luminosity available from LHC at all times. This required increasing the CPU capacity of the event-filter farm, which had turned-out to be the main limitation, and introducing cuts on the hit multiplicities of the sub-detectors used by the pattern-recognition algorithms to reject events with a large number of pile-up interactions, while loosing a minimal amount of luminosity. Half of the bandwidth (∼1kHz) was attributed to the muon trigger lines, which rely on very low p T cuts, to be highly efficient for the B 0 s → µ + µ − analysis.
The very good experience from the 2010 run, in which LHCb was successfully operated at an instantaneous luminosity much higher than anticipated, opens interesting prospects for the 2011-2012 run. A procedure of 'Luminosity leveling' based on displacing the beams in the vertical direction is currently being defined with the LHC. This will imply less pile-up at the start of the fill and a more constant behaviour in time, allowing LHCb to collect the maximum integrated luminosity under optimal conditions.
Selected physics results and prospects
The data collected in 2010 have already allowed LHCb to realize a large number of significant measurements. Here only a selection of them will be reviewed.
The study of bound cc and bb states decaying into di-muons is a natural early physics topic for LHCb. Due to its forward acceptance and dedicated trigger, LHCb has the largest J/ψ sample at the LHC. This was used to study J/ψ hadroproduction, which is not so well understood theoretically, despite the considerable progress made in recent years [4] .
The analysis is based on 5.2 pb −1 of data in which the J/ψ mesons are reconstructed in the decay mode J/ψ → µ + µ − [5] . J/ψ mesons from b-hadron decays, which tend to be produced away from the primary vertex, are separated from the prompt J/ψ component by exploiting a variable defined as t z = (z J/ψ −zPV)×M J/ψ pz , where z J/ψ and z PV are the positions along the z-axis (defined along the beam axis) of the J/ψ decay vertex and of the primary vertex; p z is the measured J/ψ momentum in the z direction and M J/ψ the nominal J/ψ mass. The t z variable provides a good estimate of the b-hadron decay proper time. The differential production cross-section of both prompt J/ψ and J/ψ from b is measured as a function of the J/ψ transverse momentum p T and rapidity y in the fiducial region p T ∈ [0 ; 14] GeV/c and y ∈ [2.0 ; 4.5] in bins of ∆y = 0.5 and ∆p T = 1 GeV/c. As an example, Fig. 3 shows for one specific bin (3 < p T < 4 GeV/c, 2.5 < y < 3.0) the di-muon mass distribution (left) and the t z distribution (right), in which one can clearly distinguish the prompt component at t z =0 and the J/ψ from b component characterised by an exponential decay. The integrated cross-section for prompt J/ψ production in the defined fiducial region, summing over all bins of the analysis, is σ prompt J/ψ = 10.52 ± 0.04 ± 1.40
−2.20 µb. The result is quoted assuming unpolarised J/ψ and the last error indicates the uncertainty related to this assumption.The integrated cross-section for the production of J/ψ from b in the same fiducial region is σ J/ψ from b = 1.14 ± 0.01 ± 0.16 µb. By extrapolating this last measurement to the full polar angle using the LHCb Monte Carlo simulation based on PYTHIA 6.4 [6] and the average branching fraction of inclusive b-hadron decays to J/ψ measured at LEP [7] B(b → J/ψX) = (1.16 ± 0.10)%, one obtains that the bb crosssection in pp collisions at √ s = 7 TeV is σ(pp → bbX) = 288 ± 4 ± 48 µb. These cross-section results are systematics limited, with the largest uncertainty (10%) being due to the absolute luminosity scale, dominated by the uncertainty in the knowledge of the LHC proton beam currents. However, this uncertainty is now reduced to ∼ 3.5% [8] . The J/ψ analysis will be repeated on a larger data sample to extract a measurement of the J/ψ polarisation and benefit from the reduced systematic uncertainties. Fig. 3 Di-muon mass distribution (left) and tz distribution (right), with fit results superimposed, for a specific bin (3 < pT < 4 GeV/c, 2.5 < y < 3.0). On the mass distribution, the solid red line is the total fit function, where the signal is described by a Crystal Ball function, and the dashed blue line represents the exponential background function. The fit gives a mass resolution of 12.3 ± 0.1 GeV/c 2 . On the tz distribution, the solid red line is the total fit function, the green dashed line is the prompt contribution, and the single-hatched area is the background component.
Also in the domain of bound cc and bb states decaying into di-muons, LHCb made the first observation of double J/ψ production at the LHC [9] and released preliminary results on Υ production [10] . The J/ψ → µ + µ − signature was also used to isolate a sample of B c candidates [11] , to study ψ(2S) production by exploiting the two decay modes ψ(2S) → µ cross-section to produce a b-flavoured hadron H b (averaging over b-flavoured andb-flavoured hadrons) is σ(pp → H b X) = 75.3 ± 5.4 ± 13.0 µb in the pseudorapidity interval 2 < η < 6 over the entire range of p T , assuming the b fragmentation fractions measured at LEP. By extrapolating to the full η region, one measures σ(pp → bbX) = 284 ± 20 ± 49 µb, in remarkable agreement with the result obtained with the J/ψ sample.
The decay B 0 s → µ + µ − has been identified as a very interesting potential constraint on the parameter space of models for physics beyond the SM. The BR for this decay is computed to be very small in the SM:
, but could be enhanced in certain NP scenarios. For example, in the MSSM, this branching ratio is known to increase as the sixth power of tanβ = ν u /ν d , the ratio of the two vacuum expectation values. Any improvement to this limit is therefore particularly important for models with large tanβ. The best published 95% CL upper limits to the B . The analysis is based on the use of control channels to minimize the dependence on MC simulation. The main issue is the rejection of the background, largely dominated by random combinations of two muons originating from two distinct b decays. This background can be kept under control by exploiting the excellent LHCb vertexing capabilities, and mass resolution (σ = 26.7 ± 0.9 GeV/c 2 ). Three normalisation channels are used to calculate the BR, i .e., B
, which allows us to cancel out many systematic uncertainties in the ratio of the efficiencies and to eliminate any dependence on absolute luminosity and bb cross-section. The event selection for these channels is specifically designed to be as close as possible to the signal selection. Each selected B → µ + µ − candidate is assigned a probability to be signal or background in a two-dimensional probability space defined by the di-muon invariant mass and a geometrical likelihood (GL). The GL is based on several geometrical properties of the decay, such as lifetime, transverse momentum and impact parameter of the B candidate, muon isolation, etc. The di-muon invariant mass and GL probability density functions for both signal and background are determined from data. The observed upper limits are:
at 90% (95%) CL. So, thanks to the large acceptance and trigger efficiency, the LHCb sensitivities are already similar to the existing limits from CDF and D0. Figure 5 illustrates the expected 95% CL upper limit of BR(B 
Conclusions
The large bb production cross section at the LHC provides a unique opportunity to study in detail CP violation b decays with the LHCb detector. In particular, production of B s mesons could play a crucial role in disentangling effects originating from NP. LHCb has already performed many high-quality measurements with the data collected in 2010. An integrated luminosity of ∼ 1 fb −1 , as expected in 2011, will allow LHCb to realize a number of very significant b-physics measurements, with the potential of revealing NP effects.
